Wnt/ß-catenin signalling plays an important role in zonation of liver parenchyma and in patterning of hepatocyte heterogeneity. A characteristic marker of this heterogeneity is glutamine synthetase, which is expressed only in a subset of pericentrally located hepatocytes. To investigate, whether and how the Wnt/β-catenin signalling pathway is involved a culture of hepatocytes was stimulated by LiCl. This resulted in an increase in the specific GS activity, indicating that the Wnt/β-catenin pathway may participate in regulating GS levels. Affymetrix GeneChip oligonucleotide arrays were used to monitor the gene expression changes during a period from 2 to 24 hours after stimulation by LiCl. Samples from a cultivation without stimulation were used as controls. Based on the gene expression profiles a hypothetic signal transduction network was constructed by a reverse engineering algorithm. The network robustness was tested and the most stable structure was identified.
Introduction
The liver is the main organ of intermediary metabolism. It consists of hepatocytes (60% of all cells and 80 % of the liver volume), endothelial cells (15-20 %) , Kupffer cells and Ito cells. The smallest structural and functional unit in the liver is the lobulus. Within the lobulus the hepatocytes are arranged in a spatial organization, related to the afferent and efferent blood vessels. Accordingly, they are referred to periportal and pericentral hepatocytes, respectively. Periportal and pericentral cells differ in the metabolic capacity and, as a consequence, in the enzyme/protein expression pattern [1] . Glutamine synthetase (GS), for example, is expressed only in a subset of pericentral hepatocytes and can be used as a selective marker for pericentral cells. Factors responsible for the induction and regulation of GS expression have been described, but the mechanism of regulation has not been identified in detail yet.
Experimental evidence exists that the Wnt/β-catenin signalling pathway plays an important role in the zonation of liver parenchyma and for the expression of GS. Within the Wnt/β-catenin signalling pathway glycogen synthase kinase-3β (GSK3β) is a central mediator.
GSK3β is associated with several other regulatory proteins, including adenomatous polyposis coli (APC) and axin, which built the so-called destruction complex. In the unstimulated However, in vivo, the situation seems to be more complex. From the scarce literature data can be concluded that it takes weeks or months until mutations in the β-catenin pathway result in an increased expression of GS. Therefore it is likely that the induction of GS is additionally regulated by different factors like cell-matrix interactions and/or the hepatocyte cell cycle.
LiCl is a well known inhibitor of the GSK3β. Several groups have shown that the incubation of cells with LiCl in millimolar concentrations results in an inhibition of GSK3β. In the present study we investigated the effects of LiCl on the expression of GS in hepatocytes and tried to characterize possible regulatory factors/pathways.
Material and methods
HepG2 cells were obtained from ECACC (http://www.ecacc.org.uk). Cell culture material was obtained from TPP (Trasadingen, Switzerland). LiCl was a product of Merck (Darmstadt, Germany), glutamine was obtained from Roth (Karlsruhe, Germany), penicillin and streptomycin was from Sigma (Taufkirchen, Germany). DMEM and FCS were purchased from PAA Laboratories (Cölbe, Germany). In all experiments HepG2 cells were cultivated in DMEM supplemented with 10 % FCS, 2 mM glutamine and penicillin/streptomycin. For the isolation of mRNA the cells were harvested using Accutase (PAA Laboratories) and plated at a density of 2.5 x 10 6 cells / culture dish (90 mm) in 7.5 ml medium. Incubation with DMEM, containing 50 mM LiCl was started 22 h later. Cells were harvested before the addition of LiCl and 2, 4, 8, 12 and 24 h later and the mRNA was isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany).
For Northern blot analysis cells were grown under the same conditions as for gene chip analysis and two dishes for each mRNA preparation were used. The blotting was performed according to standard protocols [6] . For the hybridisation a digoxigenin labelled probe from the rat GS gene was used and a quantitative analysis of the mRNA was performed using the Phoretix 1D Quantifier software (Phoretix International, Newcastle, UK).
Cell viability was tested using the MTT assay. Briefly, 0.63 x 10 6 cells per cm 2 were seeded in 24-well plates. The next day cells were incubated with LiCl for 24 h, followed by an incubation with 0.5 mg/ml MTT reagent (Sigma, Taufkirchen) for 2 h. Cells were lysed using DMSO and the absorbance in each well was determined at 590 nm using a Spectrafluor plate reader (Tecan GmbH, Crailsheim, Germany). The absorbance of the untreated control was set to 100 % viability.
Determination of GS activity was performed by the method of Levintow [7] with the modifications described by Gebhardt and Williams [8] . Briefly, cells were cultivated as described above, harvested in Hanks balanced solution using a rubber policeman and homogenized by sonication (Sonopuls, Bandelin, Berlin, Germany). Then, 100 µl of the homogenate was used for the GS activity assay and the absorbance was determined at 540 nm.
Protein concentration was determined using the Bradford assay [9] and the specific GS activity of each sample was expressed in mU/mg.
For the expression analysis Affymetrix (Affymetrix Inc., USA) genechips HG-U133A and U95 were used with 22.283 and 12.651 probesets, respectively. The gene expression data were pre-processed using 'affyPLM' packages of the Bioconductor Software [10, 11] . The log-ratios of expression values from samples with and without LiCl stimulation were calculated after normalization by Probe-level Linear Models. Probesets representing differentially expressed genes were selected by the following criteria: i) the fold change exceeds the threshold 1.62 (justification see below) for 2 h, 4 h of 8 h after stimulation and ii) there is a direct or indirect link to the Wnt/ß-catenin pathway or to the GS induction described in literature. The threshold for the minimum fold change required for differentially expressed genes was identified from the log-ratios of the U133A and the U95 expression data. Processing and visualization of data were performed using MATLAB tools (The MathWorks Inc., Natick, MA).
The reverse engineering algorithm [12] was used to identify the parameters of the following linear differential equation system network model
in which x i (t) is the expression of gene i = 1,...,C at time t, w i,j denotes the gene-gene interactions and b i represents the stimulus-gene interactions. The number of model variables C = K + 2, where K is the number of differentially expressed genes selected as described above. Beside these expression profiles of the K genes the expression profile of GLUL and the time course of the specific GS activity were included into the set of C model variables. The pulse function u(t) was defined as u(0<t<t 1 ) = 1 and u(t 1 <t<0) = 0, i.e. the influence of stimulus LiCl is taken to be constant over a time t 1 (2 hours). In addition, the system is assumed to be at equilibrium prior to stimulation, i.e. dx i (t<0)/dt = x i (t<0) = 0.
The reverse engineering algorithm [12] minimized the mean square error of the model fit to the log ratio of gene expression data X j (t i ) as well as the number of non-zero parameters w i,j and b i . The mean square error represented the squared and summarized difference between the simulated kinetics x j (t) at the sample time t=t i and measured gene expression profile data X j (t i ).
In order to identify the most robust model different combination of models were generated and analyzed using the following procedure. The models were generated by varying the reverse engineering algorithm's configuration and by disturbing the input data X j (t i ). The algorithm can be configured by pre-setting some interactions. Direct interactions from LiCl to the variables GLUL and GS were excluded. Direct interactions from LiCl to the K genes were pre-set in the following manner. In the first step of search for robust structures k stimulusgene interactions were pre-set between the stimulus LiCl and a sub-set of k genes taken from the K genes, whereas the other C-k stimulus-gene interactions were excluded as direct interactions. The number of N K combinations of k variables (k=1,..., K) taken from the set of K genes is:
For each configuration the reverse engineering algorithm was run 50 times thereby disturbing the input data randomly by adding normally distributed noise with a mean of zero and a standard deviation (SD) of 0.05 to the measured data. A gene-to-gene interaction was accepted in the model if it occurred at least 40 times (80%). For each selected gene i (i=1,...,C) the numbers of stable gene-gene interactions (i) were summarized over the K C models and called N i .
In the second step of search for robust structures the stimulus-gene interactions from LiCl to the three genes with the highest N i were pre-set, whereas the other C-3 stimulus-gene interactions were excluded as direct interactions. To validate the received model the reverse engineering algorithm was applied 1000 times using normally distributed noise with a mean of zero and standard deviations of 0.05 added to the log ratios. A gene-gene interaction was accepted in the recalculated network, if it occurred in at least 80 percent of the reconstructed models.
Results
At first the toxicity of LiCl was studied. Cells were incubated with concentrations up to 500 mM LiCl for 24 h and the toxicity was determined using the MTT assay ( Fig. 1) . At a concentration of 125 mM LiCl the viability started to decrease and at 250 mM all cells were dead. However, even at concentrations below 125 mM (e.g. 100 mM) changes in the morphology of the cells occurred (not shown). Therefore, we decided to use 50 mM LiCl in all further experiments, which induced no visible change in the morphology of the cells. Next we studied the time course of the induction. After addition of LiCl cells were harvested after 2, 4, 8, 12, 24, 32 and 48 h. Figure 3 shows that the specific GS activity increased over the first 4 h and reached a constant level after 8-12 h. In order to prove, whether similar changes are detectable on the level of the mRNA, gene chip analysis and Northern Blot experiments were performed. and two mRNA preparations from two different cell culture passages were compared. All upor down-regulated genes were identified for each time-point. After plotting the log 2 ratio of these genes against the correlation coefficient of the second chip analysis, a local maximum of was detected at 0.7. Thus, the threshold of significantly expressed genes was set to 1.62fold ( = log 2 (0.7)). This threshold was used for the further identification of differentially expressed genes (Fig. 5) . Analysis of the data showed that during the cultivation a significant change in the expression of genes occurred in un-stimulated cells. Therefore, only the expression of the LiCl treated and untreated samples of the same time-point were compared. Table 1 shows the genes differentially expressed, 2 h after the addition of LiCl. It resulted in an up-regulation of 16 genes, including cystein-rich angiogenic inducer 61 (Cyr61, 2.58fold). Also, 21 genes were significantly downregulated ( Incubation of hepatocytes with 50 mM LiCl for 4 h resulted in an up-regulation of 43 genes ( Fig. 6 ), including the dishevelled associated activator of morphogenesis 1 (DAAM1, 1.71fold). The latter is a known factor of the Wnt/β-catenin pathway. In addition, factors of the TGFβ pathway are up-regulated, including follistatin (FST, 1.97fold) and thrombospondin 1 (THBS1, 2.1fold). Cyr61, which was up-regulated after 2 h remained up-regulated 2.30fold. At the same time-point 128 genes are down-regulated. Among them are several genes which encode factors that are involved in the Wnt/β-catenin pathway, like frizzled homolog 4 (FZD4, 1.98fold) and dickkopf homolog 1 (DKK-1, 1.86fold). The increase in GS mRNA had a local maximum after 8-12 h (Fig. 4) . Therefore, it was concluded that signals involved in the induction of GS should occur within the first eight hours after the addition of LiCl. There is increasing evidence in the literature, that the Wnt/β-catenin pathway is involved in the regulation of the GS expression. Therefore, significantly up-or down-regulated genes of the Wnt/β-catenin pathway or genes known to be involved in the regulation of GS were chosen for further analysis. These genes were grouped into 8 clusters, characterized by similar expression profiles. For each cluster one representative gene was selected as shown in For the calculation of the network describing the effect of LiCl on the expression of GS, the expression profiles of the 8 selected genes (Table 2 ), the expression profile of GLUL (from Northern Blot) and the time course of the specific GS activity (Fig. 3 ) was used. In the first search for a robust network model the reverse engineering algorithm [12] was applied 12,750 times, i.e. for N K = 255 configurations with all combinations of the pre-set stimulus-gene interactions from LiCl to one or more of the 8 selected genes and repeated 50 times each with randomly disturbed input data. As shown in Figure 7 the most stable models consisted of a LiCl-to-IGFBP1 interaction, followed by a LiCl-to-DKK-1 and a LiCl-to-FZD4 interaction. These three most stable LiCl-to-gene interactions were pre-set in the reverse engineering algorithm's configuration for the second search of the most robust model. . The model also shows that DKK-1 inhibits the expression of GLUL and that the expression of the GLUL mRNA is directly linked to the specific GS activity. The results of the model fit are shown also in Fig. 9 , where dots represent the measured data. As can be seen from the time course of the expression data a rise of GLUL expression follows a decrease of DKK-1 expression after a short delay. In addition, the specific enzyme activity of GS increases with a short delay after the increase in the GS mRNA (GLUL). In order to validate the obtained model it was recalculated 1000 times adding noise with a standard deviation of 0.05 to the measured data. A gene-to-gene interaction was accepted in this calculation, if it occurred in at least 80 percent of the reconstructed models. Fig. 10 shows the result of this validation. Six gene-to-gene interactions were stable, represented by thick lines and 5 gene-to-gene interactions were unstable (thin lines). The DKK-1-GLUL interaction and the LiCl-IGFBP1 interaction are stable, indicating that these interactions are very likely to occur. The fitted curves and the measured data of the stable model are shown in Figure 11 . In this recalculated model DAAM1 and THBS1 were set to zero. Therefore, no lines are present in the corresponding graph. 
Discussion
Glutamine synthetase is expressed in several organs and tissues. In the liver it is located only in a small concentric region surrounding the larger pericentral veins. Periportal hepatocytes do not express GS. The factors involved in the induction of GS in the pericentral regions have been investigated since the early nineties. Using co-cultivation techniques Gebhardt and coworkers [4] demonstrated that a soluble factor is involved. Since the latter is heat and acid labile the authors concluded that it might be a polypeptide. In fact, the factors of the Wnt/β-catenin pathway are soluble and secreted and there is experimental evidence that the Wnt/β-catenin pathway is involved in the regulation of GS expression [13] . It has been shown that mutations in β-catenin can result in GS positive hepatocellular carcinomas [3] . Therefore, one might conclude that the soluble factors described by Gebhardt and co-workers [4] are factors of the Wnt/β-catenin pathway. In the present study the Wnt/β-catenin pathway was activated by inhibition of GSK3β using LiCl and the effect on the specific GS activity was investigated. Using gene chip analysis the change in significantly expressed genes was studied. Incubation of HepG2 cells with 50 mM LiCl for 24 h was not toxic (Fig. 1) . However, at 100 mM changes in the morphology occurred. The toxic effects detectable at concentrations above 125 mM are most likely due to osmotic stress.
Incubation of the cells with LiCl resulted in an increase of the specific GS activity, which was also detectable on the mRNA level, using gene chip analysis (Fig. 4) . This increase was confirmed by Northern Blot analysis (to be published in an up-coming paper). Since the maximum of the expression is reached after 8-12 h a signalling cascade involving several factors seems likely.
In order to elucidate factors involved in the signalling cascade and their interaction a network was constructed (Fig. 8) , based on the data of the gene chip analysis. The corresponding mathematical formulas are shown in Box 1. Known factors of the Wnt/β-catenin pathway and known regulators of GS expression were used as representative genes.
The generated network showed that Dickkopf-1 (DKK-1) has an inhibitory effect on GS expression. Application of the reverse engineering algorithm proved that this interaction is stable and therefore very likely (Fig. 10) .
This result is supported by data from literature. It is well known that DKK-1 is a secreted antagonist of the Wnt signalling pathway [14] . Consequently, a decrease in DKK-1 allows for an activation of the canonical Wnt/β-catenin pathway. Results from our laboratory on hepatocytes support these findings. We could demonstrate that secreted DKK-1 inhibits the expression of GS (to be published in an upcoming paper). Therefore, the model presented in this work predicted a yet unknown interaction between GS and a factor of the Wnt/β-catenin pathway. It also shows that secreted factors, postulated by Gebhardt and co-workers [4] can modulate the expression of GS.
In order to test the stability of the generated network ( Fig. 8 and Box 1) the reverse engineering algorithm was applied 1000 times. Fig. 10 shows that 6 gene-to-gene interactions are stable and are thus very likely involved in the signalling cascade that regulates the expression of GS. Besides DKK-1 the model shows that another soluble and secreted factor, IGFBP1, is most likely involved in the regulation of GS. This is supported by data of Finlay and co-workers [15] who demonstrated that LiCl inhibited the GSK3β, which resulted in a decrease of IGFBP1. The model in Fig. 10 indicates that this inhibitory function is also present in HepG2 cells.
Another factor in the model is Cyr61, which is involved in the activation of the Wnt/β-catenin pathway [16] . The experimental data and the model (Fig. 10) show that Cyr61 is up-regulated immediately after the addition LiCl. However, Cyr61 has no stable connection to other factors of the network, indicating that it is most likely not involved in the regulation of GS. This is supported by the data of Latinkic et al. [16] , who showed that Cyr61 has a modulating function on the Wnt/β-catenin pathway.
Similar conclusions can be drawn for the genes represented by C/EBPα, which are significantly down-regulated between 8 and 24 h after the addition of LiCl (Fig. 9 ). Hadden and co-workers [17] reported that C/EBPα has the capacity to activate GS gene transcription. However, the authors concluded from their data that C/EBPα is not sufficient to activate GS and proposed that a second factor is necessary. This might be reflected by the position of CEBPα within the network (Fig. 10) .
Finally, one has to keep in mind that other signalling pathways could be involved in the regulation of GS expression. In this work changes on the mRNA level were investigated. Phosphorylation and dephosphorylation of proteins, important components in signalling pathways are not detected. Therefore the network may represent only a fraction of the naturally occurring induction of the GS induction.
Analysis of the presented data using the Kegg pathway showed that several genes of the MAPK pathway are up-or down regulated within the first hours. These are jun D (jun D proto-oncogene), EGFR (epidermal growth factor receptor), DUSP6 (dual specificity phosphatase 6), PRKCBP1 (protein kinase C binding protein 1) and caspase 8. In addition factors of the cell cycle are differentially expressed, including the CDKN1B (cyclindependent kinase inhibitor) and genes of the phosphatidylinositol pathway including INPP1 (inositol polyphosphate-1-phosphatase).
Further experimental studies are necessary to prove, which of the above mentioned factors are involved in the regulation of the expression of GS and which are differentially expressed due to effects of LiCl on other regulatory pathways.
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